The spectrum of the 5g -4 f inter-Rydberg band of H 2 has been recorded with a difference frequency laser system and analyzed using multichannel quantum defect theory ͑MQDT͒. New transitions have been observed; in addition to the singlet-triplet splittings previously observed, the hyperfine structure of the ortho-hydrogen spectrum is partially resolved in the present experiment. MQDT is used to analyze the data in a two stage process. First, the ab initio MQDT predictions were refined by fitting the quantum defect functions over a range of internuclear separation R. Second, 4 f singlet and triplet quantum defects are extracted from the para-hydrogen spectra, i.e., those lines without complicating hyperfine structure. This information was then used to calculate the fine structure of a sample ortho-hydrogen line, R 3 (2)v ϩ ϭ0. While the spectra are predominantly composed of absorption lines, some transitions from high vibrational levels of the 5g triplet manifold to 4 f triplet levels are observed in stimulated emission.
I. INTRODUCTION
The spectroscopic study of high-l Rydberg states in diatomic molecules effectively started with the observation of the 4 f -X 2 ⌸ system of NO by Jungen and Miescher. 1 These authors based their description of the nearly nonpenetrating molecular 4 f electron and its interaction with the NO ϩ core on a paper by Buckingham 2 on long-range intermolecular forces. Since then, studies of high-l Rydberg states have been made on a number of molecular species, including H 2 ͑see, for example, Basterrechea, Davies, Smith, Stickland, 3 and references therein͒, NO ͑see, for example, Martin, Stickland, Martin, Davies, 4 and references therein͒, and, more recently, N 2 ͑Huber, Jungen, Yoshino, Ito, and Stark 5 ͒, and the triatomics CO 2 ͑Dobber, Buma, and de Lange 6 ͒ and H 2 O ͑Child and Glab 7 ͒. Herzberg and Jungen 8 published the first spectral observations and assignments of infrared transitions between high-l states of H 2 , for the 5g -4 f and 4 f -3d transitions. Since then, various transitions have been observed involving intercombinations of the high-l Rydberg states 3d, 4d, 4f , 5f , 5g, 6g, 6h, 7h, 7i, and 8i using Fouriertransform infrared ͑FTIR͒ spectroscopy 9, 10 and diode laser spectroscopy. 3, 11, 12 Also, microwave spectroscopy ͑see, for example, Sturrus, Hessels, Arcuni, Lundeeen, 13 and references therein͒ has been used to study inter-Rydberg transitions with nϾ9 to very high precision. In the absence of autoionization or predissociation, these high-l states have lifetimes which are long enough to allow very precise determination of their energies. Two theoretical approaches have been applied to the calculation of high-l molecular Rydberg states: The Hamiltonian diagonalization technique 8, 11, 14 and multichannel quantum defect theory ͑MQDT͒, 9,10,15 both of which are based on the multipole polarization model originally used for the calculation of atomic high-l states. As the Rydberg state quantum numbers n and l increase, the results from these two methods tend to converge ͑assuming the diagonalization of the large matrices generated by the first method is feasible͒ since the long-range physics is the same in both techniques, and electron-core interactions become weaker. Conversely, core-penetrating p and d Rydberg states cannot be calculated accurately using the multipole model since the coupling between the molecular core and the Rydberg electron is too strong. For intermediate values of n, l such as the 4 f state, the ab initio energy levels for H 2 have been found 10, 11 to be in error by up to 0.5 cm Ϫ1 for v ϩ ϭ0. Due to the intrinsic error in the first principles calculation of the 4 f state, a fitting procedure will be introduced in the present work.
The experiment described in this paper began as an accidental observation of a large number of very strong lines with negative-ion derivative line shapes during a search for the CH 5 ϩ spectrum in positive column discharges. Observation of such spectral lines had been experienced earlier in the a͒ velocity-modulated spectra of hydrogen-dominated plasmas. A more systematic study of the spectrum was highly desirable. Compared with the earlier work of Jungen, Dabrowski, Herzberg, and Vervloet 10 using FTIR spectroscopy and Davies, Guest, and Stickland 12 using diode laser spectroscopy, the difference frequency laser spectrum was obtained with higher sensitivity and resolution, permitting a closer study of the fine structure of the 5g -4 f Rydberg transition. In addition to the more extensive theoretical analysis, new experimental findings in this work are the presence of hyperfine structure for the ortho-hydrogen species and the observation of a population anomaly in the triplet states leading to stimulated emission in certain higher vibrational levels. A description of the method of H 2 Rydberg state detection in velocity modulation experiments is proposed.
II. EXPERIMENT
The spectrum was recorded with a difference frequency system previously described by Bawendi, Rehfuss, and Oka. 16 Radiation from an argon ion laser and a tunable ring dye laser were combined collinearly in a nonlinear crystal, LiNbO 3 . By properly temperature-tuning the crystal for phase matching, radiation with a frequency equal to the difference of the frequencies of the dye and argon ion lasers is generated. Ten per cent of the resulting infrared radiation is used for reference frequency calibration, while the rest of the beam is sent to the discharge cell. This cell is a one-meter long, liquid nitrogen cooled glass tube with 18 pairs of inlets and multiple outlets, designed to maximize fresh plasma chemical reactions through the cell. The infrared ͑IR͒ laser beam was propagated through the discharge tube in a multicyclic path arrangement. It was first divided into two with a ZnSe beamsplitter, and then passed through the cell four times each in opposite directions. Since the initial objective was to look for CH 5 ϩ , a gas mixture of 30-60 mT of methane, and around 600 mT of hydrogen was used. Test experiments using pure H 2 showed that the presence of the small amount of methane does not affect the H 2 Rydberg spectra. The plasma was produced in a 6 kHz ac ͑alternating current͒ glow discharge used for velocity modulation experiments, and the signals detected by two InSb detectors and processed by a lock-in amplifier. Spectra were measured from 2536 to 2424 cm Ϫ1 using N 2 O absorption lines for calibration. 17 More than 500 spectral lines were observed in this region, of which around one-third has been assigned to the 5g -4 f Rydberg spectrum. A complete list of these lines is available from the EPAPS archive. 31 Aside from the hydrogen Rydberg signals, a number of H 3 ϩ transitions were observed, as well as the Brackett ͑␣͒ transition of the hydrogen atom. The unassigned lines probably include weak high vibrational transitions of the 5g -4 f band, and the 5 f -4d inter-Rydberg spectrum of H 2 . The strongest H 2 Rydberg transition had a signal-to-noise ratio of around 450.
A. H 2 Rydberg state production and detection
The observation of the strong H 2 Rydberg spectral lines using velocity modulation is surprising because this technique is supposed to apply only to charged species. Nevertheless, these spectral lines are often observed in studies using hydrogen dominated plasmas. The observed derivative shape which is opposite to that for cations ͑see Fig. 1͒ clearly indicates that the Rydberg H 2 molecules are accelerated towards the anode like negative ions. We interpret this acceleration as due to the momentum transfer from plasma electrons to H 2 during the process of electron impact excitation of the ground-state H 2 molecules to the excited Rydberg states. Since the electrons have average energies of a few to several electron volts in our discharge, the electron impact excitation must be effected by high-energy electrons at the tail of the Boltzmann energy distribution. The excitation starts from the threshold electron energy of ϳ14 eV and is maximum for ϳ30 eV. 18 Such electrons have velocities two orders of magnitude less than that of light. A simple classical momentum transfer calculation shows that, if such electrons collide with neutral H 2 , the latter are accelerated to the velocity of ϳ1000 m s
Ϫ1
. The H 2 molecules in the Rydberg state with the highest angular momenta, such as the 5g and 4 f states, cascade down by spontaneous emission and collisions with H 2 . The spontaneous emission time for the 4 f -3d transition is about 7ϫ10 Ϫ8 seconds estimated from the Einstein coefficient for the transition in the hydrogen atom. 19 At the pressure of 0.6 Torr used in the experiment, the excited H 2 molecules may undergo a few collisions with the ground-state H 2 in the plasma. The collisions may quench the electronic excitation, elastically slow down the molecule, or the electronic excitation may hop from the excited-state H 2 to the ground-state H 2 . The excitation and the translational energy of the Rydberg hydrogen will be lost quickly after several collisions but, on the average, the observed Rydberg H 2 retains its acceleration. An average velocity of 300-500 m s Ϫ1 would be sufficient to modulate the signal efficiently.
Compared with the vibrational transitions of H 3 ϩ whose transition dipole moment is 0.156 Debye, the 5g -4 f Rydberg transition of H 2 has a huge dipole moment of 45 
III. OBSERVED SPECTRA AND ANALYSIS
The spectrum was initially assigned using ab initio predictions. The published FTIR data 10 proved useful in the analysis, since the FTIR relative intensity measurements across the whole band are more accurate than those yielded by the present experiment: The difference frequency spectrum is recorded in many sections, and these are not normalized against one another. Intensity measurements and calculations are very important in the analysis of spatially diffuse high-l Rydberg systems, since an enormous number of transitions are possible, but relatively few of these have appreciable intensity even at the temperatures observed in plasma discharges. Also, both absorption and emission processes were observed in the spectra. One consequence of this is that the singlet and triplet lines cannot be assigned on the basis of the observed relative intensities. This is discussed more fully in Sec. V.
The difference frequency laser system provides greater sensitivity and resolution than the FTIR experiment, and greater coverage was obtained in this study than that obtained in the diode laser investigations; 12 consequently, a large number of lines not seen in previous studies were observed. These included many weak Q branch lines and a few even weaker P branch lines whereas in the original studies only R-branch lines had been observed. These Q and P branch observations can be used to confirm the R branch assignments: the difference between two transitions from the same 4 f level gives a 5g combination difference, for which the ab initio model will ͑for the reasons outlined below͒ generally give a better prediction than that obtained for the 5g -4 f transition frequency.
The present experiment easily resolves the singlet and triplet splitting observed previously; 10, 12 for example, the singlet and triplet lines of R 2 (5)v ϩ ϭ1 are shown in Fig. 1 . Such splitting decreases rapidly with l. Singlet-triplet splitting was not observed in the diode laser work 12 on the 6h -5g system of H 2 , and since this work obtained similar resolution to that of the present experiment it is obvious that the observed splitting is essentially due to the 4 f state. The presently available ab initio calculations, however, do not include the electron exchange effects necessary to calculate such a splitting.
The line assignments are shown in Table I along with the ͑observed-calculated͒ differences corresponding to the ab initio predictions which were used for the analysis. These differences correspond to the mean frequency of the singlet and triplet lines wherever a pair of lines was observed.
IV. THEORY

A. General description
The multichannel quantum defect theory model of Jungen which has previously been used to account for FTIR spectra of the 5g -4 f system 10 and 6g -5 f and 6h -5g systems 9 of H 2 and D 2 was used for the calculations and was extended to account for electron and nuclear spins.
The high-l states involved in these transitions show behavior which approximates to Hund's case d coupling. The system can be considered to be composed of two parts: A core H 2 ϩ ion and a hydrogenic Rydberg electron. The main quantum numbers used to describe these states are the core vibration v ϩ , the core rotation N ϩ , the orbital angular momentum l, the principal quantum number n, and the total angular momentum excluding spin N, which is formed by the vector coupling of N ϩ and l. In addition the electron and nuclear spins must be included in order to explain the fine details observed in the present results.
The ab initio multichannel quantum defect theory has already been described. 9 The present extension preserves the main stages of the calculation, viz: First, the interaction of the Rydberg electron with the fixed core is evaluated for a selected set of values of the internuclear separation R. Sec- ond, bound Rydberg levels are evaluated for each l and ⌳ value over appropriate ranges of n and all selected R values. These are subsequently converted into body frame quantum defect functions depending on the electron energy as well as R. Finally, the quantum defect functions generated in the second stage are introduced into the rovibrational multichannel quantum defect calculation in the way described by Ross and Jungen. 23 This calculation then yields the rovibronic energies.
The case ͑d͒ quantum numbers v ϩ and N ϩ are not strictly good, since weak rovibronic interactions occur between levels having the same total angular momentum and parity but different values of v ϩ and/or N ϩ . For example, it is known 9 that there is a perturbation involving the states 4 f ,
This interaction is accounted for in the present theoretical approach. However, it is found that v ϩ and N ϩ are approximately good in most cases, and thus it is reasonable to assign the levels using them.
The transitions observed in studies such as this obey the ''frozen core'' approximation. This means that appreciable transition intensities occur only for transitions which leave the core quantum numbers v ϩ and N ϩ unchanged. N, however, does change. The transitions are labeled P, Q, and R to indicate ⌬NϭϪ1, 0, and ϩ1, respectively. Transitions for which ⌬lϭ⌬N are strongest; thus the R branch transitions are the most intense in this study. The assignment conven-tion used in this paper is ⌬N N ϩ(NЉ)v ϩ , where ⌬N is P, Q, or R as defined above.
B. Determination of body-frame quantum defects
The FTIR study 10 of the 5g -4 f system of H 2 revealed that the agreement between the ab initio predictions and the experimental observations was poor in comparison with that obtained for the nϭ6 -5 systems studied: 9 The assigned lines typically show errors of up to 0.5 cm Ϫ1 ͑more in a few cases͒, as can be seen from Table I . This is to be expected since the medium range force contributions to the 4 f energies are large in comparison with those of the higher n, l states. The vast majority of the error in the calculation of the transition frequency can be ascribed to the 4 f state for this reason. This expectation is confirmed by the fact that the 6h -5g system is reproduced quite well by the theory. 9 Jungen, Dabrowski, Herzberg, and Vervloet 10 stated that the partial breakdown of the ab initio model for 4 f is a result of the incomplete convergence of the perturbation expansion used to describe the electron-core interaction. The quality of the ab initio quantum defect curves is limited by the accuracy of this expansion. Errors in the quantum defect curves are expected to be greater for large R, since various polarizability tensor components become so large that perturbation theory does not describe the system accurately, and the higher-order terms in the expansion which are not included in the model are more significant at large R. It, therefore, follows that the errors in the ab initio approach are not due to the final stage of the calculation; that is, the errors are introduced prior to the rovibrational multichannel quantum defect treatment. Consequently, if one could obtain improved quantum defect functions over the range for which the required rovibrational wavefunctions of H 2 ϩ are significant, one would obtain more accurate energy predictions. We have used the averages of the observed singlet and triplet lines to obtain improved quantum defect functions. The fits were made to 4 f energy levels, each of which was estimated by subtracting the 5g -4 f experimental observation from the appropriate calculated ab initio 5g energy; this procedure is equivalent to fitting to the observed transitions. Most of the assigned levels included in the fit were calculated from the strong R branch transitions, but where Q and/or P branch transitions were available we have to take the appropriate average. Transitions for which only one line was observed were not included in the fit. The 4 f levels associated with the observed lines R 3 (6)v ϩ ϭ0 and R 3 (6)v ϩ ϭ2 show abnormally large deviations and are thus apparently perturbed.
We denote the body-fixed quantum defect matrix elements as l,l Ј (S,⌳,⍀) (,R) where S,⌳,⍀ are the total spin, total orbital angular momentum component and total orbital plus spin angular momentum component, respectively. is the electron energy while R is the internuclear distance. l and lЈ are the orbital angular momentum quantum numbers of coupled channels ͑or Rydberg series͒. We consider only lϭlЈ in this work. The ab initio quantum defect curves derived from the multipole polarization model 9 correspond to the average of Sϭ0 and 1, which we shall call S , and ⍀ϭ⌳. They are used as a starting point and are represented as a second-order polynomial defined for a set of R values spanning the range 2.0 a.u.рRр3.2 a.u.
Since the present experimental data for the 4 f state pertains only to one electron energy, ϭϪ1/16, it was decided to fit 33 (S ,⌳,⍀ϭ⌳) (ϭ0,R) over a limited range R lo рRрR hi , while retaining the ab initio values of ␦/␦ and ␦ 2 /␦ 2 . Due to the inherent smoothness of the quantum defect curves, it was decided that a parabola could serve as an adequate representation of the true curve over the relatively short range of internuclear separation required. The constants in this procedure are determined using parabolas of the form
where x is taken to be RϪ(R lo ϩR hi )/2; the x origin of the parabolas in this fit is, therefore, 2.6 Bohr.
To begin the fitting procedure, a simple second-order polynomial fit is obtained, in which the points to be fitted are the ab initio quantum defect function values against certain values of R; this is carried out between the lower and upper limits R lo and R hi . The constant ͑a͒, linear ͑b͒, and quadratic ͑c͒ terms obtained are used to generate the initial quantum defect functions prior to the fit. For an f state, there are four ⌳ states: ⌺, ⌸, ⌬, and ⌽. Each of these requires a quantum defect curve, and there is thus a total of twelve parameters. The initial quantum defect functions consist of three sections: The low R(RϽR lo ) region, in which the ab initio calculated points remain; the fitting region (R lo рRрR hi ), in which the points are those generated by a parabola with constants defined as above; and the high R(RϾR hi ) region, in which the ab initio calculated points are again retained. These individual points are connected by cubic splines to give smooth quantum defect curves against R. In the fitting procedure, any or all of the twelve polynomial coefficients can be varied.
The use of a mixture of ab initio and fitted points for the quantum defect functions may seem strange; but the approach is justifiable for three reasons: Firstly, in the low R region, the ab initio quantum defect curves are expected to be accurate, so that there is little need for improvement; secondly, a parabola is not capable of describing the quantum defect functions well over a large range of R; and finally, one can only obtain a sensible fit over the range of R where the core rovibrational wave function in question has a significant amplitude. This latter point can be understood by considering the effect of the core rovibrational wave functions: They can be thought of in this context as statistical weight functions, since where there is little probability amplitude the calculated energies are not sensitive to the relatively small changes in the quantum defect functions which are necessary for the fit to be reasonable.
The implementation used in this work allowed fitting on a one-dimensional grid in R which has steps of 0.2 Bohr. The fitting region is defined as an odd number of points around a central point, and the most appropriate fitting region was found to be seven points at 2.6 Bohr, that is the range 2.0 to 3.2 Bohr. The vibrational channels v ϩ ϭ0 -5 were included in the calculations.
The overall quality of the fit is quite good. A comparison of the 50 singlet-triplet pairs of levels obtained from Table I and included in the fit with the appropriate ab initio predictions give a mean deviation of 0.33 cm
Ϫ1
. Our fit ͑cf. Table I͒ yields a mean deviation ͑obs-calc͒ of 0.055 cm Ϫ1 for these same levels, i.e., not far from an order of magnitude less. This deviation corresponds to 1.6ϫ10 Ϫ5 on the quantum defect scale. The parameters determined in this fit are those of Table II and the corresponding fitted quantum defect curves are illustrated in Fig. 2 , compared to the ab initio starting curves.
The MQDT program is able to account for electron spin and it has been used in a second stage of the fitting procedure to extract separate singlet and triplet quantum defects from the experimental data. The 20 para-H 2 ͑N ϩ even͒ levels obtained from Table I which show no complicating hyperfine structure were used for this. Spin-orbit coupling is not included, so it is assumed that for given S and ⌳ the quantum defects do not depend on ⍀. We, therefore, drop the superscript ⍀ in the following as well as the subscripts lϭlЈϭ3, and we determine the parameters a
, respectively, while leaving the mean (S ) quantum defects constant, i.e., as determined in the first stage of the fitting. We found that we could not determine the triplet-singlet differences of the constants b and c and these were, therefore, constrained to zero. The last four parameters given in Table II correspond to this second fit. The singlet-triplet splittings of the para levels ͑cf. Table II . Their uncertainties are rather large; in particular the value for ⌳ϭ0 is not well determined.
C. Satellite structure
A feature of the spectrum not previously observed 10, 12 is the presence of weak satellites accompanying the singlettriplet pairs. Figure 3 illustrates the fine structure of the R 3 (2)v ϩ ϭ0 transition. The observed satellite features are listed in Table IV together with the main singlet and triplet lines; in other instances, only one satellite is strong enough to be observable. The spacing between a satellite and a main line is almost constant and is 0.04Ϯ0.005 cm Ϫ1 for most cases. In one case, R 1 (4)v ϩ ϭ3 ͑Fig. 4͒, where the splitting is large, an additional feature is seen between the singlet and triplet lines. Table IV clearly shows that the satellites appear only for transitions starting from odd rotational levels, that is, for ortho-hydrogen. The satellites were noted for almost all transitions with odd N ϩ quantum numbers that were sufficiently intense, and none of the transitions originating from levels with even N ϩ showed any sign of satellite structure. Therefore, it is natural to interpret this splitting as due to hyperfine interaction. The fact that the magnitude of the splitting is comparable to the hyperfine splitting in the ground state 24, 25 of ortho-H 2 ϩ also points in this direction. A qualitative understanding of the satellite structure can be obtained as follows. There are primarily two types of splitting to consider, namely the hyperfine structure of the isolated H 2 ϩ ion and the singlet-triplet splitting of the molecule which is due to the interaction of the Rydberg electron with the core. Since both the singlet-triplet splitting and the 
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Fitted hyperfine interaction ͑in the case of ortho-H 2 ͒ are small relative to the rotational structure of the ion core, Hund's case ͑d͒ prevails throughout. This means that the core rotational quantum number N ϩ is very nearly defined, and the singlet and triplet manifolds remain separate with the total electron spin S well-defined as long as the hyperfine splitting is small relative to the singlet-triplet splitting. On the other hand, if the ion hyperfine structure dominates, the total core spin G ϩ ͑where G ϩ ϭIϩS ϩ ͒ will be very nearly defined and replaces S. It turns out that the 5g upper state falls into the latter category, while for the 4 f state the two interactions are comparable and give rise to the observed multiplet structure.
This can be seen from the following: The singlet-triplet splitting which results from an electron-core interaction decreases rapidly with increasing l and is proportional to n Ϫ3 . The core hyperfine structure is of the order of 0.04 cm Ϫ1 ͑Jefferts 25 ͒ for ortho-H 2 ϩ (Iϭ1). For para-H 2 ϩ (Iϭ0) the spin-rotation splitting is almost two orders of magnitude smaller. For ortho-hydrogen, we estimate from the known singlet-triplet splittings that for lϭ1 ͑p series͒ the uncoupling of the Rydberg electron spin from the core spin will take place near nϳ100 whereas for lϭ4 it is already complete at nϭ5.
For ortho-H 2 , G ϩ ϭIϩS ϩ takes the values 1/2 and 3/2, the levels being separated by ϳ0.04 cm Ϫ1 . In the 4 f state the exchange interaction is off-diagonal and increases the total splitting from the ion core value of 0.04 cm Ϫ1 to about 0.08 cm
Ϫ1
. In the main lines of the 5g -4 f transition corresponding to ⌬G ϩ ϭ0, the difference of the lower and upper state splittings is observed, i.e., 0.08-0.04ϭ0.04 cm Ϫ1 in agreement with the observed mean value of 0.05Ϯ0.01 cm
-see Table IV .
The satellite transitions ⌬G ϩ ϭϮ1 are separated by the sum of the upper and lower state splittings, and the distance of each satellite from the nearest line corresponds to the hyperfine splitting of the 5g upper state ͑0.04 cm Ϫ1 ͒. It is clear that the satellite lines are forbidden in both extremes. In order to ascertain that this qualitative discussion is correct, we have carried out a full nuclear spin-electron spin-electronic-rotational MQDT calculation for one of the most prominent spectral lines, R 3 (2)v ϩ ϭ0, shown in Fig. 3 . The details of this new development will be described in a forthcoming publication. 26 The main extension concerns the rotational frame transformation which now includes not only electron spin but also nuclear spin.
Briefly, the frame transformation used previously 27 connecting Hund's case ͑b͒ to Hund's case ͑d͒ has matrix elements of the form ͗N ϩ ͉⌳͘ (NM p,q ϩ ,l) . The quantum numbers not previously specified are M ϭmagnetic space quantum number, p for total parity, q ϩ for core parity index ͑q ϩ ϭ1 for ⌺ Ϫ cores, zero otherwise͒. At present the frame transformation takes the form
where the new quantum numbers are F ϩ , the core total angular momentum, G ϩ , the total core spin ͑electron plus nuclei͒ angular momentum, j is the total Rydberg electron angular momentum ͑orbital plus spin͒. F is the total molecular angular momentum ͑replacing N͒. i 1 , i 2 , and I are the nuclear spin quantum numbers and the total nuclear spin quantum number, respectively. t ϩ gives the behavior of the electronic core wave function under the permutation of the two nuclei and sϭ1/2 is the spin of the Rydberg electron. The analytical expressions will be given later. 26 In the multichannel treatment, every hyperfine level of the ion becomes a separate ionization threshold. We have used the theoretical hyperfine levels calculated with the coupling constants of Babb and Dalgarno. 28 Correspondingly, the number of channels to be included increases substantially. For example, for the 5g Nϭ3, N ϩ ϭ3 state where we include only v ϩ ϭ0, we have for Fϭ5, pϭ1 a total of 53 channels in the calculation. Similarly for 4 f , Nϭ2, N ϩ ϭ3, including three vibrational channels (v ϩ ϭ0 -2) there are a total of 123 channels for Fϭ4, pϭ0. The calculations were carried out with exactly the same quantum defects determined from the para-H 2 levels.
The upper level of the R 3 (2) line is at 120 374 cm Ϫ1 . The full calculation has 12 hyperfine components with F varying from one to five. The lower level of the R 3 (2) line is at 117 883 cm Ϫ1 and also has 12 components with F ranging from zero to four. These are listed in Table V . A representation of the calculated upper and lower levels of the R 3 (2) line is shown in Fig. 5 . It can be seen that the levels occur in two groups for the 5g level, and four groups for the 4 f level.
The preceding qualitative discussion of the energy level structure of the 5g and 4 f levels can now be refined. We see ͓Fig. 5͑a͔͒ that in the 5g state the hyperfine structure indeed prevails such that G ϩ ϭ1/2 and 3/2 is approximately a good quantum number and the characteristic ion splitting of 0.04 cm Ϫ1 is apparent. The statistical weight of the G ϩ ϭ3/2 component ͑8 levels͒ is twice that of the G ϩ ϭ1/2 component ͑4 levels͒, as expected ͑an additional factor of 2 arises from the spin of the 5g electron͒. The splitting of the sublevels F ͑not entirely resolved on the scale of the figure͒ is due to interaction of G ϩ with the nonspherical molecular field. Turning now to the 4 f state ͓Fig. 5͑b͔͒ we see an intermediate situation, neither the core hyperfine structure nor the singlet-triplet splitting dominates. In the singlet-triplet terminology one would say that the lower three groups ͑9 levels͒ constitute the triplet state whereas the upper group ͑3 levels͒ constitutes the singlet state. However, 5 triplet states are about to ''migrate'' up toward the singlet group. In other words, a pattern similar to Fig. 5͑a͒ with 8 upper and 4 lower levels is about to form. Starting from the pattern of Fig. 5͑a͒ ͓and reducing each F value of Fig. 5͑a͒ by 1͔ , we see that the off-diagonal singlet-triplet interaction must leave the single Fϭ0 and Fϭ4 levels undisturbed. The interactions between the remaining Fϭ1, 2, 3 levels involve for each F a pair of levels in the upper manifold of Fig. 5͑a͒ . Degenerate perturbation theory then tells us that one member of each pair is left undisturbed while the other member is shifted upwards. The pattern of Fig. 5͑b͒ is hence obtained.
The intercombination between these sets of levels yields 83 allowed transitions, which come in 4 groups as shown in Fig. 6 where the spectrum has been convoluted with a 0.025 cm Ϫ1 experimental linewidth broadly giving the observed experimental contour, Fig. 3. Fig. 6 indicates for comparison the positions and intensities of the observed lines. It can be seen that the positions are very well reproduced whilst the 
V. NONTHERMAL POPULATIONS AND STIMULATED EMISSION LINES
For each 5g -4 f Rydberg transition, the triplet line is expected to be more intense due to the electron spin statistics of 3:1 and to occur at a slightly higher frequency than the corresponding singlet; this is the case for many of the assigned lines. However, we have often observed that the relative intensities of the two lines were very different; there were cases where the triplet line was weaker than the singlet or only one line was present in the spectrum. Moreover, the phase of the first derivative line shape was reversed in two of the triplet transitions. The observed intensity ratios between the singlet and triplet lines of a given transition were found to be different from those observed in the FTIR study, 10 especially for relatively highly vibrationally excited levels.
There is an approximate systematic trend for the variation of the relative intensities as we follow the series of transitions with the same rotational quantum numbers but different vibrational states. For v ϩ ϭ0 transitions, the triplet lines were always more intense than the singlet lines. For v ϩ ϭ1 and v ϩ ϭ2 transitions, the range of triplet-to-singlet intensity ratios varied widely, or only one line was observed. In the v ϩ ϭ3 transitions, the triplet was weaker than the singlet, and two of the triplet lines had inverted line shapes. This progression with v ϩ is illustrated for the transitions R 1 (2), R 1 (3), and R 1 (4) in Fig. 4 .
These anomalies are best explained as due to a nonthermal distribution of population in triplet 5g versus 4 f states. The reversal of the phase of the first derivative line shape demonstrates stimulated emission and thus the population inversion between the 5g and 4 f levels for high vibrational states. This phase inversion has also been observed in the diode laser spectra, 12 although the inverted line was not assigned. Such population inversion leading to laser action has been reported by McKnight and Barr 29 and assigned by Dabrowski and Herzberg 30 for the a 3 ⌸ -c 3 ⌸ u transitions. Dabrowski and Herzberg explain the population inversion as due to predissociation of the 3 ⌸ u state resulting from a mixing with the dissociative 3 ⌺ u ϩ curve. A similar explanation may be possible for our observation of the population anomaly only in certain triplet states. Such a population inversion will be more easily sustainable in higher vibrational levels.
VI. CONCLUSION
The observation of hitherto unobserved Q branch 5g -4 f transitions has helped to confirm previous R-branch assignments, and the number of the 5g -4 f assignments has been substantially increased compared to previous studies. The determination of effective multichannel quantum defect functions by a least-squares fitting procedure has been shown to improve considerably the accuracy of the calculated transition frequencies for the assigned lines. In a second stage, this is extended to include the fitting of separate singlet and triplet quantum defect parameters.
The high sensitivity and resolution of the difference frequency technique has revealed previously unobserved satellite features which are interpreted as being predominantly due to the Fermi contact hyperfine interaction. The appearance of this structure along with the ''singlet'' and ''triplet'' lines indicates that the 4 f state of ortho-hydrogen is in an intermediate situation where neither the total electron spin S nor the total core spin G ϩ ͑electron plus nuclear͒ is well defined. The 5g state on the other hand corresponds to well defined G ϩ . Thus although the 5g -4 f transitions are labeled as singlets and triplets, this description is only an approximation for the odd N ϩ transitions. A sample MQDT calculation, including hyperfine interaction, confirms the analysis of the observed satellite structure due to electronic and nuclear spin coupling within the v ϩ ϭ0, N ϩ ϭ3, NЈϭ3 ←v ϩ ϭ0, N ϩ ϭ3, NЉϭ2 transition. The capability of laser spectroscopy to observe the Rydberg transitions in absorption has revealed a population anomaly leading to stimulated emission for some triplet transitions corresponding to relatively high vibrational levels. This may be attributable to predissociation of the triplet levels due to interaction with the 4p state.
